Chromonic liquid crystals are formed by molecules that spontaneously assemble into anisotropic structures in water. The ordering unit is therefore a molecular assembly instead of a molecule as in thermotropic liquid crystals. Although it has been known for a long time that certain dyes, drugs, and nucleic acids form chromonic liquid crystals, only recently has enough knowledge been gained on how to control their alignment so that studies of their fundamental liquid crystal properties can be performed. In this article, a simple method for producing planar alignment of the nematic phase in chromonic liquid crystals is described, and this in turn is used to create twisted nematic structures of both achiral and chiral chromonic liquid crystals. The optics of 90-degree twist cells allows the anchoring strength to be measured in achiral systems, which for this alignment technique is quite weak, about 3 × 10 −7 J/m 2 for both disodium cromoglycate and Sunset Yellow FCF. The addition of a chiral amino acid to the system causes the chiral nematic phase to form, and similar optical measurements in 90-degree twist cells produce a measurement of the intrinsic pitch of the chiral nematic phase. From these measurements, the helical twisting power for L-alanine is found to be (1.1 ± 0.4) × 10 −2 μm −1 wt% −1 for 15 wt% disodium cromoglycate.
I. INTRODUCTION
The materials used in liquid crystal displays (LCDs) are called thermotropic liquid crystals since they are composed of a pure compound or mixture of compounds in which the anisotropic molecules spontaneously order orientationally and sometimes positionally within a certain temperature range. Thus phase changes from solid to liquid crystal and from liquid crystal to isotropic liquid are produced by varying the temperature. These materials have been studied for both scientific and applied reasons, and the ubiquitous role of LCDs in today's world is due to the huge amount of understanding and control of these materials that has been gained over the last half century. There are other types of liquid crystals that form when compounds are added to a solvent and the structures that spontaneously form order into a liquid crystal phase. These materials are called lyotropic liquid crystals because phase changes can result by varying the concentration of the compound. One example of a lyotropic liquid crystal is the phase formed by certain dyes, drugs, and nucleic acids. When added to water these compounds spontaneously assemble into stacks of molecules, creating rod-like structures that are anisotropic. These materials are called chromonic liquid crystals, and at certain concentrations and temperatures, these assemblies form either the most simple liquid crystal phase with orientational order only (the nematic phase) or a more complex liquid crystal phase in which there is some degree of positional ordering of the oriented assemblies (the columnar phase). From a macroscopic standpoint, the nematic phases of thermotropic and chromonic liquid crystals are identical [1, 2] .
The existence of chromonic liquid crystals has been known for over fifty years, with most of the studies during this period concentrating on x-ray measurements of the phase structures and determinations of temperature-concentration phase diagrams. Recently the amount of interest in these materials has grown significantly, mostly due to the fact that these are aqueous systems (unlike thermotropic liquid crystals), so applications in biology and medicine are anticipated [3] . In fact, it has already been shown that chromonic liquid crystals can be used to detect the presence of toxins in a rather simple device [4, 5] . This high level of recent interest has begun to probe the fundamental liquid crystalline properties of these materials, producing not only measurements of various parameters, but also allowing for control of the liquid crystal alignment direction. Examples of such studies include measurements of the order parameter, birefringence, elastic constants, and polar anchoring strength [6] [7] [8] [9] [10] . Almost all of these measurements have been in achiral systems, with only a few reports of studies done on chiral nematic chromonic liquid crystals [3, 11, 12] .
Planar alignment of the nematic phase of chromonic liquid crystals has been achieved by polarized photo-irradiation of an azo-polymer thin film [13, 14] , rubbing a polymer coating [7, 15] , evaporating a SiO X layer [15] , and fabricating a surface of closely spaced ridges as in Refs. [16, 17] . The effectiveness of these techniques varies considerably from one material to another, and some involve multiple, sophisticated fabrication steps. It turns out that it is possible to produce excellent alignment of the nematic phase in chromonic liquid crystals by simply rubbing glass with a very fine abrasive [10] . This very simple but effective technique then allows a wide range of experiments to be performed. For example, if the chromonic liquid crystal is placed between two flat pieces of glass with rubbing directions at 90
• to each other, the liquid crystal adopts a twisted structure that results from a competition between volume twist elastic energy and surface anchoring energy. Measuring the amount of twist in such a 90-degree twist cell allows the planar anchoring strength to be measured since the elastic constants are already known. This use of a twist cell to measure planar anchoring strength has been used in the past with a thermotropic liquid crystal [18] . The results presented here are an anchoring strength of (3.4 ± 0.6) × 10 −7 J/m 2 for disodium dicromoglycate (DSCG) and (3.3 ± 0.9) × 10 −7 J/m 2 for Sunset Yellow FCF (SSY). When compared to the anchoring strength achieved by the many commercial methods to align thermotropic liquid crystals, this anchoring strength is quite weak [19] . This is not surprising given that the alignment mechanism involves closely spaced parallel scratches in glass. For fabricated ridges of optimized separation and height, the anchoring strength for chromonic liquid crystals has been reported to be much larger [17] .
It is known that addition of a water soluble chiral compound causes the chromonic liquid crystal orientation to twist in what is known as the chiral nematic phase [3, 11, 12] . Understanding how these chiral nematics orient in a 90-degree twist cell allows the intrinsic pitch of the chiral nematic phase to be measured from optical measurements because the anchoring strength is known. Determining how the pitch depends on the concentration of the chiral compound allows the helical twisting power to be measured for quite large pitch lengths, the accuracy of which can be verified by producing fingerprint textures for samples with smaller pitches.
The compounds used in this investigation are shown in Fig. 1 L-alanine is the chiral dopant. DSCG, SSY, and L-alanine were purchased from Sigma-Aldrich.
II. THEORETICAL CONSIDERATIONS

A. Elastic theory
If a nematic liquid crystal is placed between two substrates promoting planar alignment, but the two alignment directions are perpendicular to each other, then the director usually assumes a structure with only twist deformation [20] . This is especially true for chromonic liquid crystals for which twist deformation involves less elastic free energy than splay or bend deformation [8, 10] . Also, since the amount of twist deformation can be reduced if the director next to each substrate is not exactly aligned with the alignment direction of the substrate, there is an offset angle φ at each substrate. If the angle by which the director twists is denoted by , then + 2φ = π/2. Figure 2 depicts the situation for both rightand left-handed twist domains. Clearly the values of and φ depend on the elastic and anchoring parameters along with the distance between the substrates, d.
The free energy associated with distortion of the director of a chiral nematic liquid crystal is given by the Frank free energy, with the energy per unit volume f V given by
wheren is the director, k 11 , k 22 , and k 33 are the splay, twist, and bend elastic constants, respectively, and k 2 is the parameter related to the intrinsic chirality of the liquid crystal [20] . The intrinsic chirality of the liquid crystal is given by q 0 , which is equal to k 2 /k 22 . The pitch P is related to the intrinsic chirality by q 0 = 2π/P . The free energy per unit area associated with the offset of the director from the substrate alignment direction f S is given in its most simple form by the Rapini expression, where W φ is the anchoring strength and φ is the angle between the alignment direction of the substrate and the director at the substrate [20] . For pure twist distortion between two substrates a distance d apart, the total free energy per unit volume is given by
which is minimized when
where
Let us first examine the case of an achiral nematic phase for which q 0 = 0. If d is small enough, a cos , so → 0 and φ → π/4. This means the liquid crystal is undistorted, pointing at an angle of 45
• relative to each of the substrate alignment directions. If d is large enough, a cos can only equal if → π/2 and φ → 0. This means that the twist is 90
• and the director at each substrate is parallel to the substrate alignment direction. A plot showing the dependence of the twist and offsets angles on the distance between the substrates using parameters that correspond to the results presented here is shown in Fig. 3 .
The case of a chiral nematic liquid crystal with nonzero q 0 is a bit more complicated. For low intrinsic chirality (large pitch), the twist angle is increased and the offset angle φ is decreased because the liquid crystal prefers to be twisted. As the intrinsic chirality increases, however, first increases past π/2 with φ taking on negative values (i.e., the director at the Notice that when the sample thickness is 5 μm (P /4), the twist angle is exactly 90
• and the offset angle is zero. When the sample thickness is 10 μm, the most stable twist angle jumps from 114
• to 246
• and the offset angle jumps from −12
• to +12
• . Finally, when the sample thickness is 15 μm (3P /4), the twist angle is exactly 270
• and the offset angle is again zero.
substrate is on the other side of the alignment direction from what is shown in Fig. 2 ), until a lower elastic energy condition exists for a value of approaching 3π/2. This behavior can be seen in a plot of the twist and offset angles versus the distance between the substrates for a material with fixed intrinsic chirality (see Fig. 4 ). Such behavior is well known for thermotropic liquid crystals, both for parallel substrate rubbing (Grandjean-Cano wedge) and nonparallel substrate rubbing [21] .
B. Optical theory
The transmission of light through a twisted nematic cell was the focus of research in the early days of liquid crystal displays. For example, an exact calculation using coupled mode theory was worked out by McIntyre in 1978 [22] . One of the important considerations in understanding the optics of twisted nematic cells is the relationship between the twist angle and the amount of phase retardation ψ = (2π/λ) nd, where λ is the vacuum wavelength of the light and n is the birefringence of the liquid crystal. If | | |ψ|, then the Mauguin or adiabatic condition is met and the polarization direction of linearly polarized incident light simply follows the twist of the director. If this condition is not met, then even if the incident light is linearly polarized, (1) the transmitted light is no longer linearly polarized, and (2) the major axis of the transmitted elliptically polarized light is not rotated by the twist angle . For chromonic liquid crystals ( n ≈ −0.02) in a 10-μm-thick cell with | | = (1/3)π , |ψ| is roughly (4/5)π for visible light [7] . While | | is less than |ψ|, the inequality is not large enough to ensure that the Mauguin condition is met. Any analysis of experimental data must therefore use the exact calculation.
Perhaps the most simple way to conduct an experiment with a twisted nematic cell is to use a linear polarizer to polarize the incident monochromatic light and detect only the light that exits the cell and passes through a linear polarizer aligned either perpendicular or parallel to the incident polarizer. The twisted nematic cell can then be rotated around an axis parallel to the light propagation direction and the intensity exiting the second polarizer monitored. The theory of McIntyre predicts that the intensity depends on the rotation angle of the twisted nematic cell θ according to
where I C and I S are fractions of the incident light intensity that depend on , n, d, and λ. I C and I S are the maximum and minimum values of I (θ ), although which one is which depends on how θ , the angle between a direction in the twist cell and a direction of the polarizers, is defined and whether the polarizers are perpendicular or parallel. For example, if X is the ratio of half the retardation angle to the twist angle, i.e., X = ψ/(2 ), then for parallel polarizers
where τ = √ 1 + X 2 . If d and λ are known for an achiral liquid crystal, then and n can be determined from measurements of I C and I S . Once has been determined, elastic theory can be used to obtain W φ /k 22 , and if the value of k 22 is known for the liquid crystal, then the value of W φ can be found.
It is interesting to investigate how I C and I S depend on d according to elastic and optical theory. When d is very small, the liquid crystal does not change the polarization of the light. Therefore, I C = I S = 0 when the polarizers are perpendicular, and I C = I S = 1 when the polarizers are parallel. As d increases, I C and I S increase from zero (one more quickly than the other) for perpendicular polarizers and I C and I S decrease from one (one more quickly than the other) for parallel polarizers. This is illustrated in Fig. 5 .
Assuming n and W φ /k 22 are not changed by the addition of a small amount of a chiral compound, then a similar experiment that determines I C and I S for parallel and perpendicular polarizers can be combined with elastic theory (nonzero q 0 this time) and optical theory to determine q 0 and hence the pitch P . The dependence of the transmitted light on sample thickness using the same parameters for the liquid crystal but with a nonzero q 0 is also shown in Fig. 5 . 
III. EXPERIMENTAL PROCEDURES
A. 90-degree twist cells DSCG was used without further purification, but SSY was purified twice by dissolving the sample in water, adding ethanol until a good deal of the compound precipitated, filtering, and allowing the filtrate to dry [6] . Mixtures of DSCG at 14.9 and 15.0 wt% in millipore water were prepared, which had a nematic phase at room temperature and a nematicisotropic biphasic region from 29 to 36
• C upon heating. A 30 wt% mixture of SSY was similarly prepared, which had a nematic phase at room temperature and a nematic-isotropic biphasic region from 30 to 43
• C upon heating. Chiral nematic phases of DSCG were made by first preparing an L-alanine solution in millipore water at a specified concentration between 1 and 2.5 wt%, and then making a 15.0 wt% mixture of DSCG in the L-alanine-water solution. Alignment of the nematic director on glass was achieved by rubbing the glass once with a fine abrasive pad (3M Trizact TM Foam Disc P3000) under a pressure of 1.6 × 10 4 N/m 2 . The glass was then cleaned by overnight soaking in concentrated sulphuric acid or plasma cleaning. When DSCG or SSY is introduced into a 10 μm cell with parallel rubbing directions on the glass substrates, a single oriented domain is produced. When the rubbing directions on the glass substrates are perpendicular to one another, domains of right-and left-handed twist form as shown in Fig. 6 .
Unlike thermotropic liquid crystals, these domains remain unchanged for hours, i.e., there is almost no evidence of annealing. In fact, if the rubbing directions are oriented so that the angle between them is slightly less than 90
• , twist domains of both handedness still form. Thus an angle of 90
• between the rubbing directions was used in these experiments for two reasons: (1) this is the maximum angle possible and therefore optimizes the competition between the bulk and surface elastic energies, and (2) the twist domains achieved by slow cooling into the nematic phase were large enough for measurements under the microscope.
A wedge cell was prepared using two glass substrates with perpendicular rubbing directions (90
• ± 2 • ) by placing no spacers at one end of a 2.5-cm-long substrate and 10-or 15-μm glass fiber spacers at the other end. These two ends were epoxied to a second glass substrate and the other two sides were left open. This empty wedge cell was placed in a uv-vis spectrophotometer next to an opaque strip with an open slit 125 μm wide. The series of maxima and minima in absorbance as the wavelength is scanned is due to interference within the empty cell and allows the thickness of the cell to be measured at the location of the 125 μm slit. By placing the 125 μm slit at multiple locations along the wedge cell, it was found that the thickness of the cell was nearly linear with position along the cell although some curvature was sometimes present. These data were used to find the thickness at intermediate locations of the cell. The wedge cell was then filled with the DSCG or SSY solution at a temperature in the isotropic phase, sealed completely with epoxy, and allowed to cool to room temperature.
The wedge cell was placed in an Instec HS-1 hot stage at 25
• C and viewed with a Leitz Laborlux 12 Pol microscope with an objective magnification of 10× for cells with leftand right-handed twist domains and 4× for cells with only one twist domain. A 633 nm laser line filter was used to produce quasimonochromatic light. For each of the positions in the wedge cell for which the thickness was measured or interpolated, a location within a single twist domain (if present) was placed at the center of rotation of the microscope stage. Then the microscope stage was rotated through 90
• in steps of either 5
• or 10
• with the polarizers perpendicular to each other. An image was captured at each step with a Zeiss AxioCam ICc 1 digital camera and the entire procedure was repeated with the polarizers parallel to each other. The images were analyzed by measuring the average intensity within a circle 74 μm in diameter (10× objective) or 185 μm in diameter (4× objective) at the center of the microscope stage rotation using Zeiss ZEN 2011 software. A typical plot of how the intensity varied with angle for both polarizer conditions is shown in the inset of Fig. 7 .
B. Fingerprint textures
Fingerprint textures have been observed for chromonic liquid crystals, but they are not nearly as robust as for thermotropic liquid crystals [3, 11, 12] . The best one can do seems to be a texture with some areas showing the half-pitch repeat distance because the helical pitch axis is parallel to the glass surfaces, but with many areas in between showing no repeating pattern. In addition, when measuring the repeat distance under a microscope, large variations in the spacing of the repeating pattern are seen from one area to another. It is known that coating the glass surface with the polymer parylene tends to produce a homeotropic texture for SSY [23] . Using this technique in 50-or 100-μm-thick cells did produce a fingerprint texture in some areas for both DSCG and SSY samples if L-alanine is added, and a few concentrations of L-alanine in 15 wt% DSCG were found to give reasonable estimates of the pitch as a check on the measurements made with the twist cells. • C. The experimental data are shown as solid circles and the solid lines are fits to the elastic and optical theory as described in the text and yield a value for the pitch of (83 ± 11) μm.
IV. EXPERIMENTAL RESULTS
The intensity readings as the microscope stage was rotated were normalized by first subtracting the minimum reading for perpendicular polarizers with the thinnest sample thickness and second dividing the result by the maximum reading for parallel polarizers with the thinnest sample thickness. Values of I C and I S were then determined by fitting the data to Eq. (5) as shown in the inset of Fig. 7 . A typical set of intensity readings at various sample thicknesses in a wedge cell together with the fits to the data using elastic and optical theory are shown for both an achiral and a chiral sample in Figs. 7 and 8 , respectively. The results of this procedure for the achiral solution were n = −0.0177 (for 633 nm light) and W φ /k 22 = 5.70 × 10 5 m −1 . This value of n is consistent with prior measurements on DSCG [7] . It should be pointed out that the fit yields a twist angle ranging from 40
• to 70
• and an offset angle φ ranging from 25
• to 10
• for the sample thicknesses investigated. The elastic constant k 22 has been measured for DSCG and for a 14.9 wt% mixture at 25
• is about 0.6 × 10 −12 N [8] . This yields a value for the anchoring strength W φ of (3.4 ± 0.6) × 10 −7 J/m 2 , where the error estimate reflects the uncertainty in W φ /k 22 only. Since the chiral samples were made with a slightly higher DSCG concentration, the values of the birefringence were kept between −0.017 and −0.020 and W φ /k 22 was fixed at 6.0 × 10 5 m −1 when fitting the data to determine the pitch for the chiral samples.
The birefringence at 633 nm is significantly higher for SSY than for DSCG. As the birefringence increases in a twist domain, I C and I S "oscillate" between values near 0 and 1 (see Fig. 5 ). This means that for larger sample thicknesses of SSY, I C and I S have gone through one or more of these "oscillations." In an attempt to follow this evolution with sample thickness, thin (3-4 μm), standard (5-12 μm), and thick (11-24 μm) wedge cells were made. It was found that I C and I S do oscillate as expected, but the thinner the sample thickness, the less the data were in accordance with the theory. So in order to get a determination of n and W φ /k 22 , only data from the thick wedge cell were analyzed completely. This is shown in Fig. 9 , where it is clear that the data for DSCG are much better. The best fit to the data results in a n of 0.051 and a W φ /k 22 of 4.7 × 10 5 m −1 . This means that in going from a sample thickness of 11 to 24 μm, the twist angle ranges from 64
• to 76
• and the offset angle φ ranges from 13
• to 7
• . The birefringence of SSY has been measured for solutions in the same concentration range and with the same transition temperatures [6, 10] . The value is between −0.06 and −0.07, which is higher in magnitude than the result of the fit from these data. The value of the parameter k 22 has also been measured and is about 0.7 × 10 −12 N for this range of concentrations and transition temperatures [10] . Using this value, the determination for the anchoring strength of SSY is (3.3 ± 0.9) × 10 −7 J/m 2 , where the error estimate includes the uncertainties in W φ /k 22 and k 22 . This value is very similar to the result for DSCG.
The pitch measurements for 15 wt% DSCG in various concentrations of L-alanine and water can be presented by plotting the inverse pitch versus L-alanine concentration. The data should show a trend that is consistent with zero inverse pitch at zero L-alanine concentration and the slope is called the helical twisting power of L-alanine in this liquid crystal. The pitch measurements obtained from the twist cells are plotted in this way in Fig. 10 , where a linear fit to the data yields a helical twisting power (HTP) of (1.1 ± 0.4) × 10 −2 μm −1 wt% −1 and the fit is consistent with zero inverse pitch at zero concentration of L-alanine. As a check, the inset to Fig. 10 shows that the pitch measurements from the twist cells and the fingerprint textures are consistent with one another.
In an attempt to see if the change from a twist angle of slightly less than 120
• to slightly more than 240
• predicted theoretically in Fig. 4 might be observed, a wedge twist cell was prepared and filled with 15 wt% DSCG in a 10 wt% L-alanine-water mixture. This L-alanine concentration was chosen since its pitch was such that the theory predicted the switch in twist angle should occur for a thickness typical of the center of the wedge cell. After cooling into the chiral nematic phase, a slightly different-appearing region began to appear at the thicker end of the cell, and slowly (over hours) grew into the middle part of the cell. This is shown in Fig. 11(a) , an image recorded several hours after cooling to the chiral nematic phase. Besides the difference in brightness between the two domains, the larger scratches in the glass due to the rubbing are clearly evident in the left-hand (about 120
• twist) domain. These scratches are not visible in any of the wedge cells with much larger pitch. Just as interesting, the following day the left-hand domain had migrated more toward the thinner part of the wedge cell, but now was also beginning to form along the deepest scratches within the left-hand domain, and the • growing from the right side (thicker part of the wedge cell) into a domain with a twist angle of slightly less than 120
• several hours after cooling into the chiral nematic phase. • twist domain seems to form first along some of the rubbing scratches in the 120
• twist domain.
scratches were now visible in the right-hand domain. These observations are shown in Fig. 11(b) .
V. DISCUSSION
Although the nematic phases of thermotropic and chromonic liquid crystals are macroscopically identical and share the same qualitative description of their properties, the values of the various parameters are being measured in chromonics and differences are being revealed. For example, the twist elastic constant in chromonics is smaller than the splay and bend elastic constants by much more than is the case for thermotropic liquid crystals. This difference causes chromonic nematics to have qualitatively different behavior; for example, the twist that spontaneously occurs in achiral chromonic tactoids in the nematic-isotropic biphasic region [24] . Likewise, the anchoring strengths being measured in chromonic liquid crystals are much smaller than have been achieved for thermotropic liquid crystals (for example, 10 −4 J/m 2 for thermotropics with oblique SiO 2 evaporation [19] ). Of course, there have been many decades of work on the alignment of thermotropic liquid crystals, so it could be that in the future higher anchoring strengths will be routinely achieved for chromonic liquid crystals. But at this time, both the planar anchoring strengths reported here for DSCG and SSY and the polar anchoring strength estimated for DSCG [9] are 10 −6 J/m 2 at best, when typical planar anchoring strengths for thermotropic liquid crystals on rubbed glass tend to be in the 10 −6 to 10 −5 J/m 2 range [19] . The weak anchoring strength results in some other fundamental differences between the behavior of thermotropic and chromonic liquid crystals. For example, the offset angles for these chromonic liquid crystals are much larger than for thermotropic liquid crystals with higher anchoring strengths. One other difference is the stability of twist domains in achiral chromonic samples. The left-and right-handed twist domains in an achiral thermotropic nematic slowly anneal until there is only one type of domain present. This is expected because each type of domain has the same elastic free energy associated with it, but there is additional elastic free energy associated with the boundaries between domains. In fact, the twist domains in thermotropic liquid crystals can only be made stable if spacers are dispersed throughout the sample to pin the boundaries between domains and prevent further annealing [25] . For achiral chromonic liquid crystals, the domains are extremely stable without the addition of spacers. The reasons for this undoubtedly stem from the lower twist elastic constant and lower anchoring strength, both of which lower the free energy differences between the domains and the boundaries between them.
Still, the achievement of a simple alignment technique is a big step forward in the study of chromonic liquid crystals. It allows both for further advancement in the scientific understanding of these phases and for the possibility of novel applications. The work reported here, demonstrating that the ability to control the alignment of the chromonic phase allows both the planar anchoring strength in achiral materials and the pitch in chiral materials to be measured, is an example.
The study of chiral nematic chromonic liquid crystals presented here is also a sign of progress since so little has been done on chiral chromonic systems. For example, in one of the few examples of work done in this area, the dependence of the inverse pitch of DSCG on the L-alanine concentration was investigated by analyzing fingerprint textures [11] . A linear relationship was found with an HTP of about 0.9 × 10 −2 μm −1 wt% −1 , but the trend did not come close to zero inverse pitch at zero L-alanine concentration. These measurements have been repeated in the work reported here, and it is clear that the lack of consistent fingerprint textures throughout a chromonic sample hinders the utility of this method of finding the pitch. Only when many measurements on the same sample were averaged did consistent results from samples with different concentrations emerge. This shows that being able to measure the pitch in another way is extremely useful, and one way to do that is to use 90-degree twist cells.
It should also be pointed out that the HTP measured for L-alanine in 15 wt% DSCG is not unusual for lyotropic systems. For example, different chiral dopants in 28.3 wt% cetyldimethylethylammonium bromide 2.3 wt% decanol 67.4 wt% water produce HTPs in the range of (0.02 to 0.4) × 10 −2 μm −1 wt% −1 [26] . However, tomatine in a 50 : 50 mixture of cesium pentadecafluoro-octanoate and water has an HTP of 3.3 × 10 −2 μm −1 wt% −1 [26] . On the other hand, HTPs in thermotropic liquid crystals can be much larger. Some substituted oxiranes and thiiranes in the nematic liquid crystal p-methoxybenzylidene p-n butylaniline yield HTPs in the range of (0.5 to 40) × 10 −2 μm −1 wt% −1 [27] . A chiral isomer of a molecule very similar to DSCG has been synthesized, 5'DSCG-(R,R)-divol, and an 18 wt% mixture in water has a pitch of about 10 μm [12] .
There may be an interesting reason why pitch measurements using fingerprint textures are problematic in chromonic liquid crystals. Striped textures have been observed in homeotropic cells of achiral SSY in the nematic phase [23] . but whatever this texture is, it is not stable and disappears after a few minutes. This indicates that an achiral chromonic liquid crystal may twist when subjected to certain homeotropic surface interactions, which is something a thermotropic liquid crystal rarely does. One must therefore ask if the addition of a chiral dopant might make a fingerprint texture that does not accurately reflect the intrinsic chirality stable in some situations. If this is the case, use of the fingerprint texture to measure the pitch in chromonic liquid crystals may be problematic.
In order to verify that the two domains shown in Fig. 11 are in fact due to a change from a twist of about 120
• to a twist of around 240
• , the optical transmission was theoretically calculated for both twist angles using the parameters measured for the 15 wt% DSCG solutions. For both parallel and perpendicular polarizers, the theory predicted that the maximum and minimum transmission as the angle of the sample is varied should be similar for the two domains, but that for parallel polarizers the domain with about a 240
• twist should have higher values of I C and I S , while for perpendicular polarizers the approximately 120
• twist domain should have higher values of I C and I S . Measurements of the optical transmission of the two domains verified this assuming the domain on the thinner side of the wedge cell has a twist angle of around 120
• and the domain on the thicker side of the wedge cell has a twist angle of around 240
• . It is also interesting to speculate why the larger scratches are observable in these domains and not in any of the other samples where the twist angle is much less than 120
• . While the measurements of the anchoring strength reported here clearly represent an average stemming from a distribution of scratch size, there is evidence that the anchoring strength varies with scratches of different depths and widths [17] . If the offset angle is large, local differences in orientation due to varying scratch depth and width are most likely to be large and thereby show a variation in optical transmission correlated with the scratches. This local variation in the anchoring strength may even be enough to force the change from twist angles of slightly less than 120
• only in certain locations, as seems to be the case in Fig. 11(b) . Furthermore, perhaps the offset angle in the right-hand domain of Fig. 11(a) is not very large, so the variation in transmission is barely evident, but over time and in a different part of the wedge cell, perhaps the offset angle in the right-hand domain is large enough for the local variations to be seen, as in Fig. 11(b) .
VI. CONCLUSIONS
Simple rubbing of glass surfaces with a very fine abrasive achieves planar alignment in the nematic phase of at least two chromonic liquid crystals. This ability allows the chromonic liquid crystal in its nematic phase to be distorted by arranging the rubbing directions of the top and bottom pieces of glass to be at 90
• to one another. The anchoring of the director to the substrate is weak, causing large offset angles to occur. Such a chromonic sample, whether nematic or chiral nematic, can be examined optically and fundamental parameters such as birefringence, planar anchoring strength, and chiral pitch measured. For 15 wt% DSCG and 30 wt% SSY, the planar anchoring strength measured using this rubbing technique is quite weak, about 4 × 10 −7 J/m 2 . The helical twisting power of L-alanine in 15 wt% DSCG turns out to be about 1 × 10 −2 μm −1 wt% −1 , which is comparable to what is measured for some lyotropic systems, but less than is typically observed for thermotropic liquid crystals.
